Selective labeling of mossy fiber terminals and parallel fibers was obtained in nt cerebellar cortex by a glutamate antiresolution elecaon microscopic immunogold demonstration of this amino acid o & d the possibility of determining the size and shape of synaptic vesicles in glutamate-positipc mossy endings. Mossy terminals that stained with the glutamate antibody formed two distinct populations, one with spherical synaptic vesicles with an average diameter of 34.0 nm (more than 90% of all mossy fiber endings) and one with pleomorphic and smaller synaptic m i d e s which had an avenge diameter of 28.5 nm. We ptesent experimental &d e n a that the mossy terminals with large round vcsides are of cxtraanbellar origin, whereas those with small pleomorphic synaptic vcsida ate endings of nucleocortical fibers. The ptesena of two distinct dasses of gamma-aminobutyric acid (GABA)-conaining axon terminals within arebellar body produced and chvacterited by H@r et al. The high-(032073).
Introduction
Glutamate is genenlly considered as the main excitatory transmitter in the central nemus system (8,27,28 ). In the cerebellum, glutamate has been implicated as a neurotransmitter in the deep cerebellar nuclei (23) d particularly in the cerebellar cortex. In the cerebellar cortex, the intrinsic granule cells and their ("parallel") axonal processes (3,4 Pmentcd in part at the symposium on EXCIWDRY AMINO ACID NEURUTMNSMITI'ERS AND THEIR RECEPTORS, August 9,1990 .1s
part of the prognm at the third joint meeting of the Japan Society of Histochemistry and Cytochemistry and The Histochemical Society, held in Seattle. Washington, August 8-11. as an excitatory transmitter, whems other i n m o r t i d neuron types (Purkinje cells. basket, stellate, and Golgi neurons) were shown to be inhibitory (7) and either GABAergic (Purkinje cells, basket, stellate, and most Golgi cells) or glycinergic (some of the Golgi neurons) (26) . Immunocytochemical staining patterns obtained with an antibody ofthe GABA-synthesizing enzyme glutamic acid decuboxylase (GAD) (25) or with GABA antibodies (9,28,31,33) have confirmed the presence of this inhibitory transmitter in the cell bodies and axon processes of the four intmcortical inhibitory neuron types. Utilizing light microscopic and quantitative elmron microscopic (EM) immunocytochcmicd approaches (22,32,34), it was llso demonstrated that the concentration of endogenous glutamate in the cerebellar cortex was the highest in the dendrites and (parallel) axons of the putative glutamatergic granule cells and in mossy fiber bou~ons, whereas GABA-positive terminals contained only a low I&l of (metabolic) glutamate pool. These immunocytochemical studies appeared to be in agreement with earlier physiological studies (6,7) which had suggested that, in the cerebellar glomeruli. mossy fibers which contained spherical synaptic vesicles were ex-citatory, whereas Golgi axons containing small and ovoid vesicles were inhibitory. However, more recent studies with the immunogold-EM approach have provided evidence for the existence of two distinct types of GABA-containing axon terminals in the cat cerebellar glomeruli (14) . The axonal arborization of local Golgi cells contained, as expected, ovoid and small (28.7 nm) synaptic vesicles, whereas a second type of GABA-positive terminals, of extracortical origin, exhibited large (40.7 nm) and spherical synaptic vesicles. Based on differences in synaptic vesicle size and on general morphological appearance, an earlier quantitative EM study (13) has also shown the existence of at least two different mossy terminal types in the rat cerebellar cortex: mossy terminals of mtracerebellar origin with large synaptic vesicles, and nucleocortical mossy endings with small vesicles.
The goal of the present study was to determine whether mossy terminals, irrespective of the size and shape of their synaptic vesicles, were all glutamatergic; in addition, GABA-containing axon terminals in the glomeruli were analyzed to compare their transmitter content and the morphology of their synaptic vesicles.
Materials and Methods
Ten adult male albino rats were used in this study. In six rats, the cerebellar peduncles were t m c t e d with thin, shvpened plexiglw plates which were inserted (a) in an anteroposterior direction to interrupt the inferior and medial peduncles, and (b) just beneath the inferior colliculi to interrupt the superior peduncles. The plcxiglw plates were removed only after perfusion of the brain 30 days postoperatively with the fmtive solution (4.0% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2). Subsequent macroscopic m i n a t i o n has indicated that only two of the six operated rats had completely transected peduncles. In two other rats, complete deafferentation of the cerebellar cortex was achieved by surgical isolation (undercutting) of the vermis 30 days before perfusion.
The two normal (control) and eight operated an,bals were sacrificed under deep ether anesthesia by perfusion with the fmtive via the left ventricle. Small blocks from the vermis (Lobe IV) were excised, post-fixed in 2% buffered osmic acid, dehydrated in ethanol, and embedded in Durcupan (Fluka; Buchs, Switzerland). Before embedding the bl& were stained for 60 min in 1% uranyl acetate dissolved in 70% ethanol.
Immunocytochemial P d u m . Three primary antisera were used: anti-GABA characterized by Hodgson et al. (18) , anti-glutamate characterized by Heplcr et al. (16) , and anti-glycine characterized by Van den Pol and Gorcs (35). Adjacent ultra-thin sections for staining for GABA (dilution li800). glutamate (dilution 1:3000), or glycine (dilution 1:500) were cut on an LKB Ulmtome V ultramicrotome, collmed on single-slot Formvucoated gold grids, and reacted for GABA (33), glycine (35) (the antibody was kindly provided by Dr. a r c s ) , or glutamate (29). The primary antibodies .were demonstrated by the use of 15-nm colloidal gold particles attached to goat anti-rabbit immunoglobulin Uanssen; Beene. Belgium). Immunostaincd thin sections were contrasted with lead citrate and examined in a JEOL 100-B electron microscope.
The size of synaptic vesicles in GABA-and glutamate-positive axon ter-HAMORI, TAKkS, PETRUSZ minals within cerebellar glomeruli was determined on electron micrographs at x 80,000 magnification with a Bioquant TV image analyzer.
Results
In the molecular layer, anti-glutamate stained preferentially parallel fiber varicosities which all contained large spherical vesicles ( Fig  ure 1A) . Synaptic vesicles, as well as mitochondria in the parallel axon terminals, were densely labeled, while dendritic spines and dendrites of Purkinje cells ( Figure 1 ) exhibited moderate positivity. Glial processes were in most cases unlabeled with the glutamate antibody used. The GABA antibody, on the other hand, selectively stained only axons that contained ovoid, flat synaptic vesicles; GABA also stained perikarya of molecular interneurons ( Figure 1B ).
In the granular layer, neuronal elements immunostained with anti-glutamate included granule cell perikarya and dendrites ( Figures 2 and 3 ), but the heaviest staining was observed in mossy terminals. Axon varicosities of Golgi cells located at the periphery of the glomeruli were unlabeled or only slightly labeled by antiglutamate at a dilution of 1:3000. In serial sections ( Figure 3 ), GABA staining was present only in glutamate-negative Golgi axon varicosities. Synaptic vesicles in most mossy terminals were large and spherical, whereas in the Golgi terminals they were, as expected, small, ovoid, or flat ( Figure 3 ). A survey of more than 200 glomeruli has revealed, however, the existence of two types of GABA-positive axon endings ( Figure 4 ); in addition to axons with small and ovoid synaptic vesicles (Type I), GABA-containing axon endings exhibiting large and pleomorphic synaptic vesicles (Type 11) were also observed in a few glomeruli. Similarly, in addition to the majority of mossy terminals containing large spherical vesicles (Type III), anti-glutamate-stained mossy endings exhibiting small and pleomorphic synaptic vesicles (Type IV) were seen in a few glomeruli (Figures 4 and 5 ) . Although these mossy terminals did not stain for GABA (Figure 4) , the size and shape of synaptic vesicles appeared to be almost identical to those found in Type I GABA terminals. These vesicles were considerably smaller than vesicles in Type I1 GABA endings. In consecutive sections (Figure 5 ) , the synaptic vesicles in the Type IV mossy terminals (which morphologically appeared practically identical to those in Type I Golgi axon endings) were stained with anti-glutamate, whereas Type I varicosities stained for GABA. With the glycine antiserum, it was also shown that this amino acid was co-localized in Type I Golgi endings with GABA ( Figure 6 ) but was absent from Type IV glutamatergic mossy terminals.
The size of synaptic vesicles was also determined in high-power electron micrographs. As seen in Table 1 , the average size of synaptic vesicles in GABA-containing Type I terminals was 29.1 nm and in Type I1 terminals was 36.2 nm. The same trend was seen in the case of the two classes of glutamate-rich mossy endings: the average size of vesicles was 34.0 nm in Type 111 and 28.5 nm in Type IV. After complete deafferentation (undercutting) of the cerebellar cortex, both mossy terminal types, as well as Type I1 GABAcontaining axons, disappeared, whereas Type I terminals survived (Figure 7) . After partial deafferentation of the cerebellar cortex by transecting the peduncles. which destroyed all extracerebellar afferents, most mossy fibers degenerated, but Type IV glutamatergic mossy elements (Figure 8 ) with small pleomorphic vesicles remained intact, together with both types of GABA-positive axonal terminals.
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Discussion
The aim of the present investigation was to correlate the morphological characteristics, particularly the size and shape of synaptic vesicles, in presumed glutamatergic (410-12 ~9 . 2  1,30,3 2,34) and
GABAergic axon terminals in the cerebellar cortex. Whereas GABA immunoreactivity in previous studies has been regarded as a specific marker for GABAergic neurons, including their perikarya, axons, and terminals (19.26.32). glutamate immunoreactivity is believed to reflect both transmitter and metabolic pools of this amino acid in nerve cells and in neuron processes (28). Semiquantitative methods have been used to distinguish between the two (metabolic and transmitter) pools of glutamate (24,32). This technical difficulty in the estimation of glutamatergic axon terminals has been overcome by the use of a glutamate antibody (16) which, at least in the simple synaptic system of thalamic-ventrobasal complex of rodents (15) and with the immunogold EM method, has permitted a clear distinction without semiquantitation between glutamate-containing specific afferents and cortical axonal termi- nals vs GABA-positive axon endings from the reticular thalamic nucleus.
In the present study, using consecutive ultra-thin sections stained alternately with glutamate or GABA antisera, we found that all parallel fibers in the molecular layer and all mossy endings in the cerebellar glomeruli were heavily labeled by anti-glutamate, whereas GABA-positive terminals were in most cases negative. Liu et al. (22) , using a monoclonal antibody against glutamate, have also obtained a very distinctive specific staining for glutamate in parallel axons and in mossy terminals, and only a very low level of glutamate in GABA-stained terminals. Their results, together with our present observations, therefore corroborate previous reports (32.34) suggesting that granule cells and mossy terminals are the main (and perhaps the only) glutamatergic elements in the cerebellar cortex.
A second important point concerns the correlation between transmitter content and size (and shape) of the synaptic vesicles. It is generally accepted that after aldehyde fixation axon endings containing flat, ovoid, and small synaptic vesicles are inhibitory, whereas axon terminals with spherical large vesicles are excitatory. The finding that in cat neocortex all glutamate-positive axon terminals form asymmetric synapses ( 5 ) seems to corroborate this notion, since such terminals (Gray I type synapses) generally contain large spherical vesicles, whereas symmetric attachment plaques are usually established by axons exhibiting flat synaptic vesicles. Recently it has also been reported that synaptic vesicles from the rat cerebral cortex contain especially high levels of glutamate (I), i.e., synaptic vesicles represent the main compartment in which this excitatory transmitter is concentrated.
The present observations, however, provide strong evidence that, although the vesicular storage of glutamate in parallel and mossy terminals is a likely assumption, the shape and size of the synaptic vesicles alone cannot be used for characterization of excitatory (glutamatergic) synaptic endings. Earlier findings (13) with quantitative electron microscopy have already indicated clear morpho- logical differences between extracerebellar and intracerebellar (nucleocortical) mossy terminals, particularly with regard to the difference in synaptic vesicle size between the two mossy terminal types. The present observations show that although both mossy fiber classes are rich in glutamate the transmitter content is not strictly related to the size of synaptic vesicles. In mossy endings that survive transection of the cerebellar peduncles but disappear after isolation of the cortex, i.e.. the glutamatergic nucleocortical terminals, synaptic vesicles are pleomorphic and are significantly smaller than the large spherical synaptic vesicles in mossy terminals of extracerebellar origin. In fact, based on similar morphology of synaptic vesicles in nucleocortical glutamate-rich terminals and in Type I GABA-positive axonal varicosities, in regular electron microscopic pictures (i.e., without immunochemical identification), thcsc nuclcocortical mossy terminals could be mistaken for modified inhibitory endings. However, because these mossy terminals d o not stain for either GABA or glycine they must be assumed to be genuinely glutamatergic.
GABAergic axon elements in cerebellar glomeruli also form two distinct clwes: those that survive undercutting the cortex and are therefore identified as the axon arborization of local Golgi elements containing small. pleomorphic synaptic vesicles, and those few nucleocortical GABA-positive axom that orhibit significantly larger spherical or pleomorphic synaptic vesicles. Similar observations were made in the cat cerebellar cortex (14) where, based on differences in size and shape of synaptic vesicles, two distinct classes of GABA- stained axons were found, one of local origin and the other coming from the cerebellar nuclei.
In conclusion, these observations indicate that, at least in the case of glutamate and GABA, the neurochemical nature of axon terminals in the cerebellar cortex cannot be deduced from the size and/or the shape of the synaptic vesicles alone. Transmitter content in axon endings can be determined only by combined EM-immunostaining methods, most advantageously with the EM-immunogold staining procedure.
The experiments presented in this work also provide direct evi-dence of a dual feedback from cerebellar nuclei to the cerebellar cortex in the rat. The finding of nucleocortical GABAergic endings i n the granular layer of rat cerebellar cortex corroborates both the earlier suggestion by Chan-Palay (2) and the direct demonstration of such afferents in the cat cerebellar cortex (14). However, to the best of our knowledge, this is the first direct proof of the existence of a positive feedback, i.e., nucleocortical glutamatergic afferentation, to cerebellar glomeruli.
